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A unique accelerated aging chamber for experimentally determining the life of nuclear
grade high efficiency particulate air (HEPA) filters was designed, implemented, and
characterized. A design document was developed under the Nuclear Quality Assurance program
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data that can be used to better understand the useful life of HEPA filters. The chamber allows
age studies to be conducted in a fraction of the time. The industry requires a more complete
understanding of the useful life of HEPA filters as opposed to the rule of thumb which states to
dispose filters 10 years after the manufacture date.

ACKNOWLEDGEMENTS
This project has been a collaborative effort in which many people deserve credit. I would
like to thank my advisor Dr. Heejin Cho for his continuous support and guidance. Words cannot
express enough appreciation to him for providing such a great opportunity. My sincere thanks go
to the faculty and staff at the Institute for Clean Energy Technology. I am especially appreciative
of the diligent work provided by the shop and fabrication personnel at ICET. I would like to
thank my graduate committee for helping me along this process. Also, thank you to my office
mates and friends for keeping spirits high. Lastly, I want to express my deepest appreciation to
my family for the constant support and encouragement.

ii

TABLE OF CONTENTS
ACKNOWLEDGEMENTS ............................................................................................................ ii
LIST OF TABLES ...........................................................................................................................v
LIST OF FIGURES ....................................................................................................................... vi
CHAPTER
I.

INTRODUCTION .............................................................................................................1
1.1
1.2

II.

OVERVIEW OF TOPICS .................................................................................................5
2.1
2.2

III.

Objective................................................................................................................1
Project Background ...............................................................................................2

HEPA Filter Media Background ...........................................................................5
Accelerated Aging Background ............................................................................8

TECHNICAL DESIGN ...................................................................................................10
3.1
3.2

Design Objectives and Requirements ..................................................................10
Concept Generation .............................................................................................11
3.2.1 Design Concept A..........................................................................................11
3.2.2 Design Concept B ..........................................................................................13
3.3
System Components and Functionality ...............................................................15
3.4
Drawers and Hanging Mechanism ......................................................................23
3.5
Plenum Design.....................................................................................................24
IV.

DESIGN ANALYSIS ......................................................................................................27
4.1
4.2

V.

Design Calculations .............................................................................................27
Numerical Analysis .............................................................................................29
4.2.1 Purpose ..........................................................................................................29
4.2.2 Methodology..................................................................................................29
4.2.3 Simulation Setup ...........................................................................................31
4.2.4 CFD Results...................................................................................................35

IMPLEMENTATION AND CHARACTERIZATION ..................................................39
iii

5.1
5.2

Implementation ....................................................................................................39
Characterization ...................................................................................................44
5.2.1 Relative Humidity Control ............................................................................44
5.2.2 Leak Tightness...............................................................................................47
5.3
Temperature and Relative Humidity Uniformity ................................................48
VI.

RESULTS AND DISCUSSION......................................................................................50
6.1
6.2
6.3
6.4
6.5

VII.

System Response and Control Results ................................................................50
CFD Results.........................................................................................................52
Uniformity Test Results ......................................................................................54
Leak Tightness Test Results ................................................................................56
Overall Design Results ........................................................................................57

CONCLUDING REMARKS ..........................................................................................59
7.1
7.2

Summary and Conclusion....................................................................................59
Future Work.........................................................................................................62

REFERENCES ..............................................................................................................................64
APPENDIX
A.

DETAILED DRAWINGS OF CHAMBER COMPONENTS ........................................67

B.

COMPONENT SPECIFICATION SHEETS ..................................................................86

C.

CALCULATIONS ..........................................................................................................94

iv

LIST OF TABLES
Table 3.1

System Components...............................................................................................17

Table 6.1

System Response Evaluation .................................................................................51

Table 6.2

Maximum Difference between Set-Point and RH after 10 min. ............................52

Table 6.3

Uniformity Test Results .........................................................................................55

v

LIST OF FIGURES
Figure 3.1

Design Concept A (Autodesk Inventor) ................................................................12

Figure 3.2

Design Concept B (Autodesk Inventor) .................................................................14

Figure 3.3

Schematic of Aging Chamber ................................................................................16

Figure 3.4

Vaisala Model HMT333 ........................................................................................18

Figure 3.5

Vaisala RH&T Probe .............................................................................................18

Figure 3.6

HOBO 4 Channel Analog Logger UX120 .............................................................19

Figure 3.7

Sanyo Denki Fan from Mouser Electronics ...........................................................20

Figure 3.8

Electro-Tech Systems Model 5482 Humidifier .....................................................21

Figure 3.9

SOLO PID Controller SL9696 Series ....................................................................22

Figure 3.10

Drawer Assembly (Autodesk Inventor) .................................................................23

Figure 3.11

Drawing of Plenum Section with Perforations ......................................................26

Figure 4.1

CFD Fluid Domain ................................................................................................31

Figure 4.2

Mesh Generated for CFD Analysis ........................................................................33

Figure 4.3

Volume Rendering of Plenum Velocity Profile .....................................................36

Figure 4.4

Velocity Volume Rendering and Streamline Distribution .....................................37

Figure 4.5

Relative Humidity vs Time (CFD Results) ............................................................38

Figure 5.1

Inner Frame Assembly without Tracks ..................................................................40

Figure 5.2

Assembly Schematic ..............................................................................................41

Figure 5.3

Retrofitted Drawer Securing Medium Sheet..........................................................42

Figure 5.4

Assembled Accelerated Aging Chamber and Components ...................................43
vi

Figure 5.5

70% RH Set Point Characterization Test ...............................................................45

Figure 5.6

80% RH Set Point Characterization Test ...............................................................45

Figure 5.7

90% RH Set Point Characterization Test ...............................................................46

Figure 5.8

95% RH Set Point Characterization Test ...............................................................46

Figure 6.1

Results of Humidity Control Test and CFD Simulation ........................................51

Figure 6.2

Response Comparison (CFD vs Observed) ...........................................................53

Figure 6.3

Response Comparison with Uncertainty ................................................................54

Figure 6.4

Temperature vs Time of Three Sensors at 70% RH Set-Point ..............................55

Figure 6.5

Leak Tightness Test Data (Constant Pressure Method) .........................................56

Figure 6.6

Chamber Design and Prototype Comparison .........................................................58

Figure A.1

Accelerated Aging Chamber Parts List..................................................................68

Figure A.2

DWG 1: Back Wall ................................................................................................69

Figure A.3

DWG 2: Front Wall ...............................................................................................70

Figure A.4

DWG 3: Side Walls ...............................................................................................71

Figure A.5

DWG 4: Top and Bottom Wall ..............................................................................72

Figure A.6

DWG 5: Inner Frame .............................................................................................73

Figure A.7

DWG 6: Inner Frame Part 2 ...................................................................................74

Figure A.8

DWG 7: Front Seal Wall........................................................................................75

Figure A.9

DWG 8: Front Seal Wall Door ..............................................................................76

Figure A.10

DWG 9: Plenum Divider (before tapping).............................................................77

Figure A.11

DWG 10: Female Slider.........................................................................................78

Figure A.12

Drawing of Plenum Section with Perforations ......................................................79

Figure A.13

Drawer Parts List ...................................................................................................80

Figure A.14

Drawer Drawing 1..................................................................................................81

Figure A.15

Drawer Drawing 2..................................................................................................82
vii

Figure A.16

Drawer Drawing 3..................................................................................................83

Figure A.17

Drawer Drawing 4..................................................................................................84

Figure A.18

Drawer Drawing 5..................................................................................................85

Figure B.1

Spec Sheet for Vaisala HMT333 ...........................................................................87

Figure B.2

Spec Sheet for HOBO 4 Channel Logger (UX120-006M)....................................89

Figure B.3

Spec Sheet for San Ace 40 9GA0424P3J001 ........................................................91

Figure B.4

Spec Sheet for ETS Humidifier Model 5482 .........................................................92

Figure B.5

Spec Sheet for SOLO Temp Controller SL9696 Series.........................................93

Figure C.1

CFM and Velocity Calculations (MathCad) ..........................................................95

Figure C.2

Plenum Perforation Size and Outlet Velocity (MathCad) .....................................97

Figure C.3

Pressure Loss Calculations ....................................................................................98

Figure C.4

Relative Humidity to Mass Fraction Calculation...................................................99

viii

CHAPTER I
INTRODUCTION
1.1

Objective
The objective of this project was to design, fabricate, and characterize an accelerated

aging chamber used to expedite the aging process of nuclear grade HEPA (high efficiency
particulate air) filter media. The nuclear industry is currently lacking enough information
regarding the shelf life and useful life of HEPA filters to decide whether a regulatory age limit is
necessary. Based on data published by Dr. Bergman in 1999 [1], the DOE (Department of
Energy) and ASME (American Society of Mechanical Engineers) recommend a maximum age
limit of 10 years for HEPA filters operated under dry conditions and 5 years for HEPA filters
operated under wet conditions [2]. The DOE admitted this was a conservative recommendation
and some studies have suggested HEPA filters are capable of operating longer. One study
conducted at Pacific Northwest National Laboratory suggests the filter’s performance should be
evaluated on a case-by-case basis before removal as opposed to a universal age recommendation
[3]. Removing filters which are still viable for operation is not cost efficient for nuclear facilities,
yet the prolonged use of degraded filters could jeopardize the safety of the community and
environment.
Two large contributors to this absence of data are the ability to obtain filters of the
desired age for each study and the time that it takes for each filter to age. Many studies involving
aged filters are highly dependent on industrial groups sending HEPA filters to the research team.
1

This means the age range of the filters can be highly random and perhaps does not satisfy the test
matrix of the research team. If the research group desires to age the filters itself; however, a
significant amount of time is required to complete the process. Studies attempting to gain
information on the degradation of filters after 10 years will obviously require at least that amount
of time. These scenarios are where accelerated aging is beneficial. Accelerated aging can be
described as a process used to achieve age related degradation of a material by exposing the
material to stresses that are more severe than normal conditions for a much shorter time. Because
the degradation process due to aging is a very complex process, accelerated aging rarely
conclusively correlates to the natural aging process [4]. However, accelerated aging is still a
method capable of expediting the degradation process. Concerns regarding how well the
accelerated aged media correlates to naturally aged media do exist.
The Institute for Clean Energy Technology (ICET) was awarded a contract by the United
States Department of Energy (DOE). The DOE Cooperative Agreement DE-EM0003163 titled
“Evaluation of HEPA Filters and Other Technologies to Enhance Nuclear Safety in the Defense
Waste Complex” funded this project. The main objective of this project was to develop an
accelerated aging chamber prototype used to age HEPA filter media. The accelerated aging
chamber prototype should be accompanied by a design document under the guidance of NQA-1
procedures. The project was implemented to gain knowledge regarding the useful life/age of
HEPA filters.
1.2

Project Background
Due to the extreme health risks posed from large doses of radiation exposure, rigorous

precautionary measures are taken to protect the community and environment. Nuclear air
containment and cleansing systems play a major role in the Nuclear industry. High efficiency
2

particulate air filters are used in many phases of the nuclear industry including the last line of
defense for the air containment and cleansing systems.
High efficiency particulate air (HEPA) filters serve as a gas stream filtration method
across many industries in the United States. The main goal for these highly porous structures,
regardless of the application, is to remove particulate matter. Of all the applications that utilize
HEPA filters, perhaps none are more important than those in the nuclear industry. Many of these
applications involve processes which incorporate radioactive material at some stage. This
radioactive particulate matter must be filtered before being released as exhaust gas into the
atmosphere. HEPA filters are commonly utilized in DOE facilities and nuclear power plants [5].
According to the DOE Nuclear Air Cleaning Handbook (Chapter 1), the term “HEPA
filter” was coined by Humphrey Gilbert in a 1961 AEC report titled High-Efficiency Particulate
Air Filter Units, Inspection, Handling, Installation [6]. ASME and DOE currently define a
HEPA filter as a disposable, extended-media, dry-type filter with a rigid casing enclosing the full
depth of the pleats and has a minimum particle removal efficiency of 99.97% when tested with
an essentially mono-disperse 0.3 μm test aerosol [2]. The maximum pressure drop across a clean,
dry (unused) HEPA filter is one-inch water gauge (in.wg) when operated at the rated airflow
capacity [2]. Over time, HEPA filters have demonstrated remarkable characteristics. These
potent, dependable, and cost effective filters are capable of capturing submicrometer-size
particles with an extremely high efficiency [6]. The HEPA filter media sheets are comprised of
glass fibers along with and organic binder to provide added strength and protection against
cracking. Coatings which provide water repellency and resist fungal growth are commonly
applied to the media. The glass fibers, organic binder, and coating are all susceptible to

3

deterioration due to aging. Previous studies have shown that tensile strength and water repellency
diminish significantly with age [7] [8].
As mentioned, HEPA filters are designed for single use and should be properly disposed
after the filters useful life. According to the DOE Nuclear Air Cleaning Handbook, filters in
DOE facilities are routinely operated to pressure drops as high as 4 in.wg [5]. This is typically
the pressure drop recommended for replacement. Some cases may necessitate an earlier
replacement. Things such as operating conditions and physical status can decrease a filter’s
useful life. A great example is the recommendation previously mentioned regarding age of the
filters. A dry filter is allowed up to 10 years of use as opposed to a wet filter only being allowed
5 years of use. If a filter is noticeably damaged during a visual inspection further precautions
should be taken, and the filter may warrant replacement. Because of the difficulty to procure
naturally aged filter media, the intentions of the aging chamber are to expedite the aging process
and provide suitable media specimens for further evaluation.

4

CHAPTER II
OVERVIEW OF TOPICS
2.1

HEPA Filter Media Background
The use of chemical weapons dates back as early as records show. Poisoned arrows,

arsenic smoke, and noxious fumes were some of the first forms of chemical weapons [9]. It
wasn’t until World War I and World War II that chemical weapons were implemented at such a
large scale. Each World War presented a unique set of challenges for the individual countries
involved. One of the main obstacles each nation had to overcome was protection against
chemical warfare. Personal filtration devices were not unheard of at this time, but none were
robust enough to endure toxic gas. The Germans developed gas masks to withstand the toxic gas
deployed while in combat. The British removed the filter paper from captured German gas masks
and shipped the filter paper to the U.S. Army Chemical Warfare Service Laboratories (CWS) [6].
The German filters were superior to that of the U.S. and British filters at the time. The German
filters were then replicated in large quantities using typical paper manufacturing techniques. The
first successful filters were renamed CWS Type 6 and consisted of northern spruce sulfite and
sulfate pulp, cotton scrap, and Bolivian Blue crocidolite asbestos [6].
Shortly after, the need for air filtration systems arose to accommodate large operation
facilities and testing complexes. Instead of inconveniencing each individual with a gas mask, a
much larger filter was to be used in conjunction with an air circulation system. The larger
redesigned CWS Type 6 filters had much deeper pleats, a spacing panel, and were fastened into
5

rectangular frame [6]. Due to an exceptionally high filtering efficiency of small particles, these
filters came to be known as high efficiency particulate air (HEPA) filters. In 1942, the top-secret
Manhattan Project commenced. HEPA filters were heavily utilized during the Manhattan Project
and also by the U.S. Atomic Energy Commission (AEC).
The dangers of radiation exposure were first realized in the early moments of the 20th
century. Ionizing radiation was first discovered in the late 1800s when an experiment produced
X-rays for the first time. However, it wasn’t until the atomic bombing of Hiroshima and
Nagasaki in 1945 that effects of ionizing radiation were widely realized. Much of the human case
studies currently reviewed today are from the survivors. An increase in diseases such as
leukemia were recorded along with an increase in solid tumors [10]. In the early day of World
War II, much of the knowledge on aerosol filtration theory was derived from liquid filtration
information. Irving Langmuir was studying particle retention when he proposed a theory stating
the two major capture mechanisms are direct interception and diffusion [6]. He was not wrong,
however; these were not the only two major mechanisms of capture. In 1951, Ramskill and
Anderson showed that particle capture due to the inertial mechanism plays a critical role and
could not be neglected [11].
In current study, there are five deposition mechanisms for all types of aerosol particle
deposition. The five mechanisms are interception, inertial impaction, diffusion, gravitational
settling, and electrostatic attraction [12]. Collection by interception happens when a particle
follows a gas streamline that comes within one particle radius of the surface of a fiber [12].
Interception most commonly captures mid-size particles when they directly hit the fiber.
Interception is the only mechanism that is not a consequence of a particle deviating from its
initial gas streamline [12]. Inertial impaction occurs when the particle is incapable of adjusting
6

quickly enough (due to inertia) to the abrupt streamline changes near the fiber and crosses the
streamlines to hit the fiber [12]. Inertial impaction is predominantly effective with large, heavy
particles due to the associated inertia. Diffusion of aerosol particles is the net transport of these
particles in a concentration gradient from a region of high concentration to low concentration
[12]. Brownian motion is commonly associated with diffusion and is described by the random
wiggling motion of a suspended aerosol particle caused by collisions with other gas molecules.
Diffusion is effective on the smallest of particles. Gravitational settling refers to the particles
collecting and depositing on fibers due to gravitational forces. It often accounts for a small
portion of particle collection unless horizontal velocity is very low. Electrostatic deposition is
caused by the attracting forces cause by charges on particles and fibers. Electrostatic deposition
is often neglected because it requires knowing the charge on the particles and fibers [12].
Overtime, filter design has been optimized and made from other materials. Currently, the most
common type of HEPA filter medium is comprised of glass fibers and organic binder. The
fibrous media is utilized because of its high particle retention efficiency coupled with a low
differential pressure across the filter. The key factors observed when developing new filter media
are commonly particle retention efficiency, differential pressure, loading capacity, and durability.
Several components of a HEPA filter media are vulnerable to deterioration related to aging and
other conditions. The glass fibers, the organic binder, and the water repellant are all adversely
affected by aging.

7

2.2

Accelerated Aging Background
Accelerated aging, also known as artificial aging, is commonly referred to as testing

which exposes the test specimen to extreme versions of the typical conditions in attempt to
mimic the natural aging process of the specimen. The aging process is accomplished by exposing
the specimen to stressors for specified durations. There exists a wide array of stressors such as
temperature, relative humidity, ozone, gases, sunlight exposure, radiation, vibration, chemicals,
electricity, and much more. There are variations of accelerated aging tests. Some test require
elevated conditions for a specified time while others are more complex and incorporate schemes
such as cyclic conditions [13].
According to a study conducted in 1996 by the National Research Council, every
accelerated aging study should consist of the following five steps: define the service
environment, identify probable degradation or failure mechanisms, characterize the materials
aging responses using accelerated methods and analytical models, use test and model results to
analyze and understand aging in structural components, and validate predictions [13]. It is
important to anticipate tests where several degradation mechanisms are expected to become
active because the results can be difficult to evaluate. Naturally, multiple stressors may act
independently or synergistically on the specimen causing a relationship very difficult to
determine [4]. Because of this, choosing the correct combination of stressors can be critical to
produce accelerated aging results that are similar to naturally aged results. Typically, only those
stressors determined to be age-related and contribute to failure should be incorporated to the
accelerated aging tests. In some cases, the emphasis may be place on efficacy over failure. Most
often, the same stressors lead to the decline of a products desired functionality and failure.
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Currently, there are many limitations to successful accelerated aging. The validity of
accelerated aging practices is commonly discussed. Exactly duplicating the natural aging process
or predicting the exact life of paper may never be feasible by accelerated aging, however; it may
be feasible to capture the essential elements of the natural aging process [14]. A particular group
that has been utilizing accelerated aging for many years is those involved in record keeping in
facilities such as libraries. The preservation of precious documents is the motivating factor. Two
of the most prominent factors in the aging of paper are temperature and relative humidity. The
results from an accelerated aging test must be reproducible to be deemed useful. Because of the
different degradation reactions occurring at different levels of stressors, results are rarely
conclusive.
The Arrhenius Equation is perhaps one of the first and most popular accelerated aging
models. It is commonly known that elevated temperatures expedite chemical reactions. This is
the reason foods are typically stored in a refrigerator at lower temperatures. Many of these
reactions are the leading contributors to age-related degradation. The Arrhenius model provides a
relationship between the reaction rates and exposure temperature [15]. Arrhenius was able to
characterize the temperature-dependent reactions with experimental data. The Arrhenius
Equation is widely accepted as a means to quickly determine the degradation mechanisms of a
material, however; it should be carefully evaluated when trying to evaluate long term
performance of a material [16].

9

CHAPTER III
TECHNICAL DESIGN
3.1

Design Objectives and Requirements
The design team developed multiple design objectives for the chamber to ensure
the chamber successfully operates. The following objectives were held paramount during
the design process:
•

Consistently achieve uniform humidity conditions inside the chamber.

•

Ensure the chamber is sufficiently sealed to avoid uncontrolled transfer of air.

•

Secure the media sheets in a way that does not introduce unnecessary stresses.

•

Ensure the user can observe media sheets from outside of the chamber.

•

Ensure the design is safe and ergonomic for the user.

•

Ensure the chamber is replicable and relatively easy to fabricate/assemble.

Several design requirements were then implemented to ensure the objectives were
achieved. These requirements include the following:
•

Temperature and relative humidity should vary by no more than 5% at any sensor
location once set point is reached.

•

The chamber must be classified as a class 4 enclosure based upon an air tightness
test in accordance with ISO 10648-2 [17].

•

The holding mechanism should not create any visible cues that indicate the media
is being stressed.
10

3.2

•

The material used to fabricate the chamber is transparent polycarbonate (Clear
Lexan 9034).

•

The chamber must have the capacity to accommodate up to 18 media sheets with
dimensions up to 20” X 20”.

•

The chamber fan must have the capacity to cycle the air volume in the chamber
20 times in one hour (20 Air Changes Per Hour).

•

The chamber must be secured in a way so that it is rigid and will not topple if
bumped or if the top drawer is extended with weight pulling downward.

Concept Generation
A design concept was generated using the objectives and requirements previously stated.

The decision was made to use the first chamber as a prototype. This chamber will serve as proof
of concept. The team will then evaluate the prototype and propose any changes before the final
design is fabricated. If the team is satisfied with the prototype, it will be the final design.
Autodesk Inventor was used to design the accelerated aging chamber. Two designs were initially
generated.
3.2.1

Design Concept A
Design Concept A was the first concept generated. It was based on early objectives and

requirements gathered from meetings with the team. At the time of this design, it was stated the
chamber needed to be able to age 3 lots of filter media simultaneously (18 media sheets per lot).
Also, the chamber material had not yet been specified yet. 6061 aluminum was selected for this
design due to its machinability and weight saving properties. Although not necessarily a
requirement, it was preferred the chamber have the capability of inserting/removing each filter
medium sheet independently of the others. This method mitigates the disturbance of conditions
to surrounding filters if there is a need to access a medium sheet mid-test. To accomplish this,
individual drawers were implemented. Design Concept A allowed for the use of insulated wall
11

panels because elevated temperatures were also possible at this point in the design stage. This is
particularly beneficial for the future implementation of elevated temperatures. Figure 3.1 shows
the 3D rendering of Design Concept A.

Figure 3.1

Design Concept A (Autodesk Inventor)
12

Several concerns were raised as Design Concept A was presented. The overall chamber
dimensions are 31” X 121” X 109” or approximately two and a half feet wide, ten feet long, and
9 feet tall. There were concerns it would be difficult to achieve uniform air distribution in a
chamber this large. Large temperature and humidity gradients would inevitably be present.
Without even air distribution and adequate diffusion, the media sheets would be aged under
different conditions leading to unusable data.
3.2.2

Design Concept B
As the project progressed, naturally more objectives and requirements were presented.

Although the initial chamber will only be using relative humidity as a control parameter, future
plans using the same design with minor alterations for other control parameters such as
temperature, ozone, and potentially hydrogen fluoride are possible. New requirements and
objectives were assigned in anticipation to the future plans. A smaller chamber would be needed
to mitigate the risk of uneven air distribution. The plenum space must be adequate size to
promote proper air mixing and evenly distribute the air entering the chamber. The chamber
material would need to be ozone resistant for potential future functionality incorporating
hydrogen fluoride. It was suggested the chamber be transparent to allow the user to visually
inspect the media sheets. The team decided the chamber should be fabricated from polycarbonate
(Clear Lexan 9034). Design Concept B also included the individual drawers to allow individual
access to filter media sheets. This required individual drawers on sliding tracks inside the
chamber. In front of the drawers, there is an additional access wall to mitigate air infiltration.
Design Concept B was developed to satisfy the new parameters (see Figure 3.2).
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Figure 3.2

Design Concept B (Autodesk Inventor)

Ultimately design concept B was chosen to move forward in the design process.
Individual part drawings were created and outsourced for fabrication. APPENDIX A provides
the bill of materials along with detailed drawings of the accelerated aging chamber components.

14

This also includes the detailed drawings of the drawers. Once fabricated, the chamber was
assembled by the shop team at the Institute for Clean Energy Technology.
3.3

System Components and Functionality
The accelerated aging chamber is a closed loop system which requires several

components to function properly. The chamber’s system has several functions. The chamber
must maintain a consistent relative humidity over extended periods of time. To achieve this, an
adequate amount of airflow must be maintained. An air flow rate providing 20 air changes per
hour was agreed to be sufficient. The chamber must also provide uniform air distribution to each
media sheet being aged. To achieve this, the plenum is designed with perforated holes. The
humid air is also introduced from the bottom of the chamber to help with diffusion. The less
dense, humid air will naturally flow upward and eventually recirculate. Figure 3.3 and Table 3.1
display the accelerated aging chamber schematic along with the list of components.

15

Figure 3.3

Schematic of Aging Chamber

16

Table 3.1

System Components

The chamber utilizes three temperature and relative humidity sensors with probes. The
sensors selected for the chamber were purchased from Vaisala. The sensors are a part of the
HMT330 series. The sensors chosen are the HMT333 model. These humidity and temperature
transmitters are suitable for probing a wide variety of applications such as cleanrooms, HVAC
systems, and environmental chambers. The relative humidity range for the sensor is 0 to 100
percent relative humidity with an accuracy between ±1 to ± 1.7 percent relative humidity. The
probe cable’s temperature range is -40 °F to 176 °F with an accuracy of ± 1.08 °F at the high end
of the temperature range. The accuracy fluctuates with temperature, but the high end of the
temperature range is the least accurate. Figure 3.4 displays the Vaisala HMT333 for reference
and Figure 3.5 displays the relative humidity and temperature probe for reference. The
specification sheet for this sensor can be found in APPENDIX B, Figure B.1 [18].
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Figure 3.4

Vaisala Model HMT333

Figure 3.5

Vaisala RH&T Probe
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Data loggers are needed in order to store data obtained from the Vaisala sensors. The data
loggers chosen are the Onset HOBO Data 4 Channel Analog Loggers. The 2 loggers were setup
to display temperature and humidity readings. The signal supplied by the Vaisala sensors is 420mA. The HOBO data loggers were initiated using the lower and upper limits of the Vaisala
sensors. For example, a sensor output of 4mA corresponds to a relative humidity of 0% and a
temperature of -40 °F. A sensor output of 20mA corresponds to a relative humidity of 100% and
a temperature of 248 °F. Figure 3.6 displays the Onset HOBO Data Logger for reference. See
Figure B.2 in APPENDIX B for the first two pages of the specification sheet regarding the
HOBO Data 4 Channel Analog Logger [19].

Figure 3.6

HOBO 4 Channel Analog Logger UX120

The fan was purchased from Mouser Electronics. It is a San Ace 40 DC fan manufactured
by Sanyo Denki. The Mouser part number is 978-9GA0424P3J001. The manufacturer part
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number is 9GA0424P3J001. The fan is rated for 12V with a max airflow of 23.7 cubic feet per
minute and a speed of 18000 rpm. The fan is rated for a maximum static pressure of 2.15
inchH20. The operating supply voltage for the fan is 24 VDC. Figure 3.7 shows the fan selected
for the chamber [20]. The specification sheet for this San Ace 40 fan can be found in
APPENDIX B, Figure B.3.

Figure 3.7

Sanyo Denki Fan from Mouser Electronics [20]

The humidifier selected for the chamber is the Model 5482 from Electro-Tech Systems
(ETS). It has two operation modes. The first mode has a high mist intensity. It is intended for
large environments or high relative humidity set points. The second mode has a low mist
intensity. It is intended for applications requiring a tight relative humidity tolerance or very low
relative humidity set point. The humidifier can disperse up to 150 milliliters per hour. The
droplet size is 5-microns in attempt to mitigate moisture deposition. Figure 3.8 displays the
humidifier for reference [21]. The specification sheet for the ETS humidifier can be found in
APPENDIX B, Figure B.4.
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Figure 3.8

Electro-Tech Systems Model 5482 Humidifier

A proportional-integral-derivative (PID) controller was selected to control the
humidifying process. The PID controller selected is a single loop dual output temperature
controller; however, the output signal can just as easily be used to control the ETS humidifier.
The set point can be any parameter as long as the proper input is supplied. The chosen PID
controller is Automationdirect’s SOLO Temperature Controller SL9696 Series. The part number
is SL9696-RRE-D. The controller receives a 4-20 mA analog input from the Vaisala sensor and
supplies a 120VAC output to the ETS humidifier. Since the current state of the chamber only has
humidifying capability, only one output is needed to raise the set point. The “heating loop with
PID control” setting is used for this. When dehumidification capability is implemented in the
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future, the PID setting will be altered to the “Dual Heating / Cooling Loop with PID Control.”
The “heating” setting will increase the set point by supplying an output to the humidifier while
the “cooling” setting will decrease the set point by supplying an output to the dehumidification
process. Figure 3.9 displays the mounted SOLO PID controller for reference [22]. The
specification sheet for this SOLO PID controller can be found in APPENDIX B, Figure B.5.

Figure 3.9

SOLO PID Controller SL9696 Series
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3.4

Drawers and Hanging Mechanism
As previously mentioned, the design team preferred to have access to each individual

filter medium sheet without disturbing the surrounding sheets. Individual drawers were designed
for this purpose. The drawers each have male tracks mounted on top and bottom that slide into
the female counterparts located inside the chamber. The next challenge was to secure the media
sheets in such a manner that ensures they will not fall, yet does not apply unnecessary stresses. If
secured too tightly, the media sheets will potentially crease or tear. For this, blueprint hanging
clamps were retrofitted to accommodate the media sheets and hang inside the drawers. The
hanging clamps used were Brookside Design Premium 18" Blueprint Hanging Clamps from
Engineering Supply. The product code is ES4148. Eighteen hanging clamps are needed to
provide one clamp per drawer. Figure 3.10 displays the Inventor drawer assembly. See
APPENDIX A for detailed part drawings of drawers.

Figure 3.10

Drawer Assembly (Autodesk Inventor)
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3.5

Plenum Design
The main purpose of the plenum space is to facilitate uniform air circulation at the

desired flow rate. As previously mentioned, a minimum of 20 air changes per hour is preferred
for the chamber. The size of the plenum holes was calculated using the mass conservation and
the mass flow rate equations. One objective was to ensure the total equivalent area of the holes is
less than the area of the inlet. This enables the incoming air to properly mix within the plenum
space. However, the velocity of the air entering the chamber through the holes must not be too
high. This could lead to unnecessary stresses on the media due to flexing caused by the air flow.
All of the following calculations can be found in APPENDIX C. The first calculation
found the total effective volume inside the accelerated aging chamber. This was done by
subtracting the volume of all structures within the chamber from the total volume in the chamber.
The volumetric flow rate was then determined by rearranging the following equation to solve for
Q.

𝐴𝑖𝑟 𝐶ℎ𝑎𝑛𝑔𝑒 𝑅𝑎𝑡𝑒 (𝐴𝐶𝐻) =

60𝑚𝑖𝑛 ∗ 𝑄
𝑉𝑜𝑙𝑢𝑚𝑒

(3.1)

where air change rate is the desired amount of air changes per hours, Q is the volumetric flow
rate of air in cubic feet per minute (cfm), and volume is the effective internal volume of the
chamber. From the calculation, it is noted that approximately 10cfm will satisfy the 20 air
changes per hour requirement. The fan was then selected accordingly.
The duct velocity can be calculated as

𝐷𝑢𝑐𝑡 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =
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𝑄
𝐴

(3.2)

where Q represents the volumetric flow rate, and A represents the cross-sectional duct area.
The continuity equation was utilized to obtain the desired bore size for the perforations in
the plenum wall. The velocity of air leaving the plenum space can be found by rearranging the
continuity equation. The following equation represents the continuity equation

𝑚̇𝑖𝑛 = 𝑚̇𝑜𝑢𝑡

𝑜𝑟

𝜌𝐴𝑖𝑛 𝑉𝑖𝑛 = 𝜌𝐴𝑜𝑢𝑡 𝑉𝑜𝑢𝑡

(3.3)

where 𝑚̇𝑖𝑛 and 𝑚̇𝑜𝑢𝑡 represent the mass flow rate at the inlet and outlet, respectively. The
equation can be further simplified in terms of density (𝜌), area (A), and velocity (V). 𝐴𝑜𝑢𝑡
represents the effective area of plenum section perforations. This is obtained by summing the
area of each individual bore. The bore size chosen for this application is 23/64 inch. In total,
there are 40 holes patterned on the plenum section. The shop team at The Institute for Clean
Energy Technology bored the holes after the polycarbonate section was ordered cut-to-size.
Figure 3.11 and Figure A.12 show the drawing for the plenum section with perforations.
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Figure 3.11

Drawing of Plenum Section with Perforations
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CHAPTER IV
DESIGN ANALYSIS
4.1

Design Calculations
Proper design of the accelerated aging chamber required analysis and calculations in

different areas. As previously shown, the proper design of the plenum section area required
calculations. The fan selection also required design calculations. With the desired twenty air
changes per hour in mind, the plenum design calculations resulted in a fan with an airflow of at
least 10 cubic feet per minute. The overall pressure loss of the system is also needed to properly
select the fan. For this, the major and minor head losses through the aging chamber were
calculated. Losses through the humidifier and changes in air density were neglected. The Darcy–
Weisbach equation shown below was used for the calculation of major head losses

ℎ𝑙 = 𝑓

𝐿 𝑉̅ 2
𝐷 2

(4.1)

where ℎ𝑙 represents head loss, 𝑓 represents the Darcy friction factor (obtained from Moody
diagram), L represents pipe length, D represents pipe diameter, and 𝑉̅ represents average velocity
[23].
The minor head losses such as bends, expansions, and contractions (inlets and exits) also
contribute to total pressure loss. The following equation yields the mentioned minor losses
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ℎ𝑙𝑚

𝑉̅ 2
=𝐾
2

(4.2)

where K represents the loss coefficient associated with each loss type, and 𝑉̅ represents the
average velocity. The minor loss coefficients for the bends, expansions, and contractions are 1.5,
0.95, 0.5, respectively [23].
The energy equation can be rewritten and used to solve for the pressure loss of the
system. The velocity at each side of the fan is equivalent while neglecting changes in density.
The change in elevation is also negligible for this calculation. The following equation represents
the energy equation used
̅̅̅
̅𝑉̅̅2̅
𝑝1
𝑉12̅
𝑝2
2
( + 𝛼1
+ 𝑔𝑧1 ) − ( + 𝛼2
+ 𝑔𝑧2 ) = ℎ𝑙𝑇
𝜌
2
𝜌
2

(4.3)

where p represents pressure, 𝜌 represents density, 𝛼 represents the kinetic energy coefficient, 𝑉̅
represents the average velocity, g represents the gravitational constant, and z represents the
change in elevation [23].
The resulting analysis resulted in an overall pressure loss of approximately 0.8 in.wg. The
fan selected has a max static pressure rating of 2.15 in.wg which is adequate. As mentioned, the
humidifier was neglected for this calculation but contributes additional losses to the system. The
fan selected gives the capability to function with the addition of components in the future as well
as with the humidifier. The Mathcad calculations are displayed in APPENDIX C.
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4.2
4.2.1

Numerical Analysis
Purpose
The purpose of Computational Fluid Dynamics (CFD) is to provide a numerical method

for predicting fluid mechanics. There are three general steps in most CFD studies. First, the
geometry of the model must be created in a pre-processing model [24]. This is the step when
boundary areas are typically applied. The geometry is divided into many individual cells with
multiple nodes which make up the fluid domain. The second step is to initialize the simulation
with appropriate settings and allow the software to generate the flow data at each node on the
mesh [24]. This involves the solution of the governing equations of fluid mechanics. The last
step is to export the flow field generated by the solver to a data processor [24]. Here the data is
able to be plotted, analyzed, and saved for later review.
The purpose of numerical analysis in this study was to verify the plenum design by
visualizing the air distribution throughout the chamber as well as the air exiting the plenum. The
CFD model was also compared to characterization results to verify the accuracy of the model.
The numerical analysis was carried out using ANSYS Fluent. ANSYS Fluent is a general
purpose computational fluid dynamics (CFD) software package. The ANSYS Fluent academic
version limits the number of computational cells/nodes to 512,000 which limits the accuracy of
the simulation.
4.2.2

Methodology
The subsequent section will briefly describe the governing equations of fluid flow which

are utilized in the computational fluid dynamics software provided by ANSYS. A set of coupled
partial differential equations, known as the Navier-Stokes equations, represent the governing
equations of fluid dynamics.
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ANSYS Fluent solves conservation equations for mass (continuity) and momentum for
all cases. For cases including heat transfer or compressibility, the energy conservation equation
is also solved [25]. For a Newtonian fluid in a 2D axisymmetric coordinate system, the mass
conservation equation is the following

𝜕𝜌 𝜕(𝜌𝑣𝑥 ) 𝜕(𝜌𝑣𝑟 ) 𝜌𝑣𝑟
+
+
+
= 𝑆𝑚
𝜕𝑡
𝜕𝑥
𝜕𝑟
𝑟

(4.4)

where x is the axial coordinate, r is the radial coordinate, 𝑣𝑥 is the axial velocity, 𝑣𝑟 is the radial
velocity, and 𝑆𝑚 is the mass added to the continuous phase from the dispersed second phase and
user-defined sources (typically zero) [25].
The conservation of momentum equation is broken down into two equations representing
the axial and radial coordinates. For a Newtonian fluid in a 2D axisymmetric coordinate system,
the momentum conservation equations are given by

𝜕(𝜌𝑣𝑥) 1 𝜕(𝑟𝜌𝑣𝑥 𝑣𝑥) 1 𝜕(𝑟𝜌𝑣𝑟 𝑣𝑥)
𝜕𝑝 1 𝜕
𝜕𝑣𝑥 2
+
+
=−
+
[𝑟𝜇 (2
− (∇ ∙ 𝑣⃑))]
𝜕𝑡
𝑟
𝜕𝑥
𝑟
𝜕𝑟
𝜕𝑥 𝑟 𝜕𝑥
𝜕𝑥 3
1𝜕
𝜕𝑣𝑥 𝜕𝑣𝑟
)] + 𝐹𝑥
+
[𝑟𝜇 (
+
𝑟 𝜕𝑟
𝜕𝑟
𝜕𝑥

}

𝜕(𝜌𝑣𝑟) 1 𝜕(𝑟𝜌𝑣𝑥 𝑣𝑟) 1 𝜕(𝑟𝜌𝑣𝑟 𝑣𝑟)
𝜕𝑝 1 𝜕
𝜕𝑣𝑟 𝜕𝑣𝑥
+
+
= − +
[𝑟𝜇 (
+
)]
𝜕𝑡
𝑟
𝜕𝑥
𝑟
𝜕𝑟
𝜕𝑟 𝑟 𝜕𝑥
𝜕𝑥
𝜕𝑟
1 𝜕
𝜕𝑣𝑟 2
𝑣𝑟 2 𝜇
𝑣𝑧2
(𝛻 ∙ 𝑣⃑) + 𝜌 + 𝐹𝑟
+
− (𝛻 ∙ 𝑣⃑))] − 2𝜇 2 +
[𝑟𝜇 (2
𝑟 𝜕𝑟
𝜕𝑟 3
𝑟
3𝑟
𝑟

where 𝛻 ∙ 𝑣⃑ =

𝜕𝑣𝑥
𝜕𝑥

+

𝜕𝑣𝑟
𝜕𝑟

+

𝑣𝑟
𝑟

and 𝑣𝑧 is the swirl velocity [25].
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(4.5)

}

(4.6)

4.2.3

Simulation Setup
A single, solid, 3D extrusion of the vacant space inside the accelerated aging chamber

was created in Autodesk Inventor. The extrusion was imported into ANSYS DesignModeler and
appointed as the fluid domain for the CFD analysis. Figure 4.1 displays the fluid domain
geometry.

Figure 4.1

CFD Fluid Domain

The entire closed loop is not being modeled. Instead, the flow begins at the bottom inlet
and exits at the top plenum. The piping is not modeled. Inside ANSYS DesignModeler, the
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appropriate boundary areas are assigned to the single body extrusion domain. The following
boundaries were used: inlet, outlet, and walls. These boundary areas are later used in the ANSYS
Setup page to apply boundary conditions.
Inside the ANSYS Mesh page, the domain mesh was configured. The mesh consisted of
97,713 nodes and 504,365 elements. Due to the meshing limitations associated with the ANSYS
student version, a linear element order was used. The linear element order generates elements
without mid-side nodes. The element size was set to 0.6 meters, but was greatly refined in areas
of interest such as the inlet and plenum areas. Figure 4.2 displays the mesh generated for the
CFD analysis.
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Figure 4.2

Mesh Generated for CFD Analysis

Next, the CFD simulation was configured in the ANSYS Fluent Setup section. In the
Fluent Launcher, the three-dimensional solver was selected. Then, the double precision version
was chosen. ANSYS states that geometries involving multiple enclosures connected by small33

diameter pipes typical benefit from the double-precision calculations [26]. It states that the
double-precision calculations better resolve the pressure differences that drive the flow [26]. The
serial processor option was selected. The following solver settings were chosen/applied:
•

Transient (time dependent)

•

Pressure-based Simulation

•

Absolute Velocity Formulation

•

Gravitational acceleration acting in negative Y-direction

•

Energy Model

•

Viscous Model - k-epsilon, realizable, scalable wall functions, full buoyancy effects

•

Species Transport – diffusion energy source
The transient study was chosen in order to compare the time required to reach the relative

humidity set point between the CFD results and collected data. The pressure-based simulation
was selected since the case involves incompressible, subsonic flow. The absolute velocity
formulation was selected since the case does not involve any rotating components such as fans,
impellers, etc. The species transport model was selected to simulate the mixture of water vapor
and dry air.
Next, boundary conditions were applied to the model. The case being simulated is desired
to begin at 20% relative humidity (RH) and reach a final relative humidity of 90%. At the inlet,
the velocity was set to 1.5 meters per second and the species mass fraction of water-vapor was
set to 0.0151. The velocity corresponds to the 10cfm fan through the given pipe diameter while
the mass fraction corresponds to 90% relative humidity at the given conditions. The calculations
are displayed in APPENDIX C. The pressure outlet condition was applied to the plenum at the
top of the chamber. The gauge pressure was set to zero to simulate atmospheric pressure. The
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temperature applied at each boundary was 295 Kelvin because the main focus of the simulation
is relative humidity. At each wall, the no-slip and standard roughness conditions were applied. A
cell register was created in order to simulate the air inside the chamber before the humidifier is
turned on. The region encapsulates all of the internal chamber area including the plenum. It
excludes the inlet which is set to enter at 90% RH. The region’s mass fraction of water-vapor
was then patched to 0.0033 during initialization. This corresponds to the desired 20% RH inside
the chamber.
Finally, the solution settings were selected. Standard initialization was used in this
simulation. Initial values were left as is, except the temperature which was set to 295 Kelvin to
remain constant throughout the simulation. The patched cell register previously discussed was
also initialized during this step. The desired length of the study is ten minutes. This was chosen
based on previously collected data that indicated the chamber reached the set point
approximately in this time frame. The fixed time stepping method was selected with a time step
every one second. The total number of time steps used was 600 time steps. Hence, a total running
time of ten minutes. The maximum number of iterations per step, reporting interval, and profile
update interval were all set to one. The data file was auto-saved every 10 time steps.
4.2.4

CFD Results
The computational fluid dynamics simulation provided helpful results. The perforations

in the plenum section were an area of concern. The air distribution profile exiting the plenum is
an indicator of correct size of the perforations. The results from the calculations were imported
into ANSY CFD-Post. A volume rendering of the velocity profile at the 600th time step is
displayed in Figure 4.3
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Figure 4.3

Volume Rendering of Plenum Velocity Profile

The volume rendering of the velocity profile shows relatively uniform distribution throughout
the perforations. This verifies the correct sizing of the perforations in the plenum walls.
Another area of interest was the air distribution throughout the entire body of the
accelerated aging chamber. To visualize the distribution, a volume rendering and streamline
distribution of the chamber velocity at the 600th time step was created in ANSYS CFD-Post.
Figure 4.4 displays the two visualizations side by side.
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Figure 4.4

Velocity Volume Rendering and Streamline Distribution

The two images display adequate air distribution through the chamber at the provided time step.
Upon close inspection, the images show a slightly greater streamline density towards the right
side of the chamber. This is not a concern since the duration of this simulation is only ten
minutes. The actual tests being conducted with the chamber will last months. This will give the
air inside the chamber much more time to diffuse and create a more uniform profile.
The mass fraction of water vapor was tracked and saved throughout the duration of the
simulation. A point was inserted in the center of the chamber within the CFD model. The data
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was tracked and saved at this point. The data was exported to Microsoft Excel for the
convenience of data analysis. Within Excel, similar calculations as to those shown in
APPENDIX C, Figure C.4 were used to revert the mass fraction values to relative humidity
values. Figure 4.5 displays the relative humidity vs time graph for the simulation results.

Figure 4.5

Relative Humidity vs Time (CFD Results)

The intent of this graph is to display the time required to reach the relative humidity set-point
starting from a lower relative humidity. The simulation results will be compared to physical data
collected during characterization of the chamber.
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CHAPTER V
IMPLEMENTATION AND CHARACTERIZATION
5.1

Implementation
As previously mentioned, much of the chamber material was outsourced and cut to size.

The shop team at The Institute for Clean Energy Technology completed the assembly and
commissioned the aging chamber. The bottom floor, back wall, plenum walls, and side walls of
the chamber were first assembled. They were tapped and screwed together. A polycarbonate
binder was used to reinforce the connection and minimize leaks. The inside frame was then
assembled. The inside frame serves two purposes. First, it serves as a framework and provides
rigidity for the aging chamber. Second, it provides a mounting surface for the drawer tracks. The
shop team decided to notch the outside and center pieces of the inner frame to accommodate the
shelves instead of permanently securing them. This allows the assembly to align much easier.
The drawer tracks are attached to the inner frame with polycarbonate binder. The inner frame
assembly is displayed in Figure 5.1.
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Figure 5.1

Inner Frame Assembly without Tracks

Once the inner frame assembly is complete, it is secured inside the chamber. A simplified
assembly schematic is displayed in Figure 5.2.
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Figure 5.2

Assembly Schematic

The purpose of the front, outermost wall is to mitigate air infiltration. Each of the three
doors is secured with 6 wing-handle cam latches. A bulb style compression seal was applied
around the lip of the frame where the front doors are seated. As previously mentioned, the
chamber drawers were retrofitted with blueprint hanging clamps to meet the design
requirements. A 15/32 aluminum rod is tapped and mounted to each side of the hanging clamp.
U-shaped rod holders were fabricated and secured to the inside of the drawers. The blueprint
hanging clamps, which secure the filter media, can be seated in the U-shaped rod holders inside
the drawer. This allows the blueprint hanging clamp and filter to be installed/removed without
detaching the drawers completely from the tracks. Figure 5.3 displays a chamber drawer
retrofitted with the blueprint hanging clamp.
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Figure 5.3

Retrofitted Drawer Securing Medium Sheet

After the chamber body was assembled, the holes for the schedule 40, two-and-a-halfinch diameter PVC network were drilled and tapped. The three ports for the relative humidity
and temperature probes were also drilled and tapped. A casing to secure the fan was 3-D printed
and implemented in the PVC network. Inlet and exit PVC insert fittings for the humidifier hoses
were both installed in the PVC network.
The entire accelerated aging chamber after assembly is displayed in Figure 5.4. The
image also displays the labeled components and PVC network.
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Figure 5.4

Assembled Accelerated Aging Chamber and Components
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5.2

Characterization
Several tests were conducted in order to characterize the accelerated aging chamber. A

major area of concern was relative humidity control. Proper PID controller parameters must be
selected to have precise control over relative humidity. Other areas of concern included
temperate/RH uniformity and leak tightness.
5.2.1

Relative Humidity Control
The PID controller provides a control loop feedback system for the chamber. First, the

PID controller settings were manually selected. The relative humidity inside the chamber was
lowered to a level of 20% RH, and the set point selected was 80% RH. These values have no
significant meaning. The values are simply chosen to run preliminary cycles while improving
PID parameters. Once the proportional gain, integral gain, and derivative gain chosen provided
satisfactory rise time, settling time, and overshoot, the humidity characterization test began. For
the humidity tests, a simple testing matrix was used. The relative humidity inside the chamber
started at 20% for each of the four tests. The relative humidity set points for the tests were 70%,
80%, 90%, and 95%, respectively. The data logger sample time was set to log every second.
Although the first 10 minutes were the main concern, the test duration was set to one hour to
ensure the chamber was able to maintain the set point for extended lengths of time. The relative
humidity values were collected at each of the three sensor locations and averaged. The following
figures display the results of the relative humidity characterization test at each respective set
point.
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Figure 5.5

70% RH Set Point Characterization Test

Figure 5.6

80% RH Set Point Characterization Test
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Figure 5.7

90% RH Set Point Characterization Test

Figure 5.8

95% RH Set Point Characterization Test
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The results from the relative humidity characterization tests show that the PID controller
parameters are sufficient at providing quick and stable control. The results are further discussed
and compared in the Results section of this document.
5.2.2

Leak Tightness
Leak tightness is a measure of the leakage from inside the chamber to the surroundings,

penetration from the surroundings to inside the chamber, or both [17]. Leak tightness
classifications are based upon the enclosure’s leak rate. The test procedure for the constant
pressure method entails measuring the flow rate of the inlet air required to maintain the desired
pressure inside the chamber. Following the “Constant Pressure Method” described in ISO10648-2, the leak rate can be calculated by dividing the measured flow rate by the internal
volume of the chamber [17]. A flow meter, pressure gauge, and thermometer are the required
equipment. The thermometer monitors the surrounding temperature while the Vaisala sensors
monitor the temperature inside chamber. Fluctuations in the internal temperature will cause
internal pressure to fluctuate. A digital pressure gauge monitors the pressure differential of the
internal and atmospheric pressure. Once instrumentation was set up, compressed shop air was
injected into the chamber. The air passes through the flow meter before entering the chamber and
enables regulation of the compressed air. The ISO-10648-2 requires a pressure differential of
1000 Pascals (Pa) or approximately 4 in.wg.
The front seal doors of the chamber were fastened, and the components were left in the
PVC loop since this is how the chamber will normally operate. The compressed air was then
introduced into the chamber. The initial temperatures were recorded. The ten-minute test was set
to begin once the differential pressure reached 4 in.wg. Due to gross leaks however, the target
differential pressure was never obtained; therefore, the test could not be initiated. The leaks were
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then identified. One of the major leak areas was the humidifier. Upon reviewing the operating
manual, it states the humidification system is an open loop system that pumps external air into a
chamber on the humidifier. This characteristic of the humidifier is the cause of the leak and
cannot be altered. Leaks were also identified around the front seal wall doors, cam latches, and
wall connections.
In attempt to mitigate pressure loss, sealant tape was applied to the front seal wall doors,
cam latches, and wall connections while the humidifier was disconnected from the system. The
PVC adapter where the humidifier connected to the loop was also sealed off. This configuration
is not practical but gives insight to the potential leak tightness of the aging chamber if
improvements are made. The pressure test was continued with this configuration. The target
pressure was obtained allowing for the flow rate to be recorded. The results are displayed in the
Results section of this document.
5.3

Temperature and Relative Humidity Uniformity
The purpose for ensuring uniformity throughout the inside of the accelerating aging

chamber is to minimize gradients. It is crucial that each HEPA filter media sheet is exposed to
approximately the same conditions during a test. Once the humidifier is activated, large
discrepancies are recorded between the three sensors due to the humid air being introduced from
the bottom of the chamber. The lowest sensor will first record the humid air followed by the
middle and the highest sensor. Because of this, the uniformity data and percent difference
calculation began after 10 minutes into each test. In theory, this should give the chamber
conditions enough time to diffuse and equalize throughout. From the initial chamber
requirements, the temperature and relative humidity of the three sensors must not differ by more
than 5%. The same data gathered during the humidification control tests was used to analyze
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uniformity. The results are displayed in the Results section of this document. The following
equation was used to calculate the percent difference of relative humidity and temperature.

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =

|𝑀𝑎𝑥 − 𝑀𝑖𝑛|
∙ 100
𝑀𝑎𝑥 + 𝑀𝑖𝑛
2
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(5.1)

CHAPTER VI
RESULTS AND DISCUSSION
6.1

System Response and Control Results
The overall system response and control was analyzed using the data collected during the

relative humidity control tests. The time constant, rise time, and 2% settling time were the three
performance parameters used to evaluate the system response. The time constant is defined as
the time required for the response to rise to 63% of its final value [27]. The rise time is defined
as the time required for the response to go from 0.1 to 0.9 of the final value [27]. The 2% settling
time is defined as the time required for the response to reach, and stay within, 2% of its final
value [27]. All three of these performance parameters were documented for each of the four
humidity control tests along with the CFD results. The percent relative humidity vs time graphs
are displayed in Figure 6.1 while the system response performance parameters are displayed in
Table 6.1.
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Figure 6.1

Results of Humidity Control Test and CFD Simulation

Table 6.1

System Response Evaluation

The results indicate the PID system maintains adequate control throughout the relative
humidity elevation sequence. The control parameters trend as expected. The time required for
each parameter gradually increases as the relative humidity set point increases with the exception
of the CFD results. The CFD results are further discussed in the upcoming sections. Each test
conducted reached within 2% of the set point within ten minutes. The maximum 2% settling time
occurred during the 95% test with a value of 7 minutes and 48 seconds. This is a relatively quick
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time for the humidity to reach the set point given the duration of the tests to be conducted will be
several months.
The relative humidity and temperature values experience minor fluctuations once the set
point has been reached. These oscillations could possibly result from PID control adjustments,
small gradients around the sensors, discrepancy between the three sensors, or a combination of
all three of these things. To quantify these oscillations, the maximum difference between the
recorded relative humidity and the set-point was calculated for each test. These calculations were
carried out beginning ten minutes into the test to allow the chamber relative humidity to reach
the set-point and become steady. The results are displayed in Table 6.2.
Table 6.2

Maximum Difference between Set-Point and RH after 10 min.

From the results, the relative humidity does not differ from the set-point by more than one
percent during any of the four tests. Since the calculations began ten minutes after the beginning
of the test to allow for stabilization, the remaining data points represent a 50-minute interval.
6.2

CFD Results
The resulting response from the computational fluid dynamic (CFD) simulation

previously models the actual system response relatively well. Figure 6.2 displays the two
responses for comparison.
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Figure 6.2

Response Comparison (CFD vs Observed)

An uncertainty analysis incorporating the systematic uncertainty of the relative humidity and
temperature sensors as well as the random uncertainty in the observed tests was carried out. The
systematic uncertainty (95% confidence interval) is provided by the sensor manufacturer (Figure
B.1). The random error was calculated by performing three identical tests from 20% RH to 90%
RH inside the chamber. The standard deviation at each time step of the three tests was obtained.
Error bars indicating the total error associated with the system were applied to the response
comparison plot. The total error was comprised of the systematic error of the sensors and the
random error of two standard deviations at each observed time step (95% confidence). Figure 6.3
displays the plot with error bars.
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Figure 6.3

6.3

Response Comparison with Uncertainty

Uniformity Test Results
The uniformity was analyzed with the data from the four humidity control tests. The three

sensor values were compared, and the maximum percent difference was calculated to quantify
the variance in the sensors. These calculations also began ten minutes after the beginning of the
test to allow for stabilization. An example plot displaying temperature vs time of each sensor is
shown in Figure 6.4. Sensor 1 is located at the bottom of the chamber, sensor 2 is located in the
middle, and sensor 3 is located at the top. The maximum percent differences of temperature and
relative humidity between the three sensors is displayed in Table 6.3.

54

Figure 6.4

Temperature vs Time of Three Sensors at 70% RH Set-Point

Table 6.3

Uniformity Test Results

The results from the uniformity study indicate the maximum percent difference of the temperate
occurred during the 95% RH test with a value of 0.93% difference. The maximum percent
difference of the relative humidity occurred during the 80% test with a value of 2.22%
difference. These values indicate the chamber’s overall uniformity is satisfactory. The
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differences in the three sensors are likely a result of very small gradients and uncertainties in the
sensors.
6.4

Leak Tightness Test Results
Again, the new configuration utilizing sealant tape and removing the humidifier allowed

the target differential pressure to be obtained. The average flow rate throughout the ten-minute
test duration was approximately 3.9 LPM. Figure 6.5 displays the data collected during the
pressure test as well as the calculated leak rate.

Figure 6.5

Leak Tightness Test Data (Constant Pressure Method)
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A class 4 enclosure possesses a leak rate less than 0.1 h-1, but greater than 10-3 h-1 [17]. The
calculated leak rate of 0.3 h-1 does not meet the criteria for a “Class 4” enclosure as stated in
ISO-10648-2; however, the accelerated aging chamber’s leak rate is beginning to approach
“Class 4” territory.
6.5

Overall Design Results
After fabrication, the prototype accelerated aging chamber appears and performs very

similar to the initial design that the design team agreed upon. The dimensions, components, and
functionality were all implemented as intended. The similarities are displayed in Figure 6.6.
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Figure 6.6

Chamber Design and Prototype Comparison

The chamber meets all of the requirements initially established except being classified a class 4
enclosure upon a leak test described by ISO-10648-2 [17]. Based on initial characterization tests,
the objectives were also accomplished to some degree. Further confirmation of satisfying the
objectives will become available after the first extended time trial test is conducted with filter
media incorporated.
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CHAPTER VII
CONCLUDING REMARKS
7.1

Summary and Conclusion
The goal of this research has been to design and develop a prototype accelerated aging

humidity chamber. Chapter I highlighted the goals, objectives, and motivations regarding this
project. The essential data gathered from the aging studies conducted with the chamber hope to
provide a more complete understanding in regard to the useful life of HEPA filters. The chamber
successfully reached elevated relative humidity values of 70%, 80%, 90%, and 95% during the
characterization testing. The chamber maintained these values for a duration of one hour during
the tests.
A literature review on the topics beneficial to the project was performed in Chapter II.
The two topics discussed were high efficiency particulate air filters and accelerated aging. It is
important to understand the components, material, and capture mechanisms of HEPA filters. The
degradation process is quite complex. Because of this, the degradation caused by accelerated
aging may not exactly mimic the natural degradation process. This could present limitations
when evaluating media that has undergone accelerated aging. The most common model utilized
to correlate reaction rates to exposure temperatures is the Arrhenius Equation. The elevated
temperature condition is one of the main contributors to age-related degradation, hence the
reason why temperature control within the chamber is a necessity in the future.
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Chapter III focused on technical design process. The overall design objectives and
requirements were discussed and held paramount throughout the project. The two design
concepts were presented and each were carefully evaluated. A system schematic of the chosen
design concept displays the 3-D model of the chamber along with labeled components. The
required system components were described in detail. A brief description of the mechanism
which secures the media sheets was shown and discussed. The plenum area design process, flow
rate calculations, and perforation sizing was also discussed.
Chapter IV revealed the analysis used to establish the accelerated aging chamber’s
design. Along with the flow rate calculations, pressure loss calculations were required for proper
fan sizing. Major and minor losses through the chamber were considered. A CFD simulation was
carried out to analyze and visualize the flow throughout the chamber. This includes flow
velocity, plenum flow distribution, overall chamber flow distribution, and relative humidity
performance. The CFD simulation methodology, simulation setup, and simulation results are
discussed. The CFD model can be used to model all of the possible relative humidity set-points
and follows the trend of the observed data well.
Implementation and characterization were highlighted in Chapter V. As the shop team
fabricated the chamber and other times during the design process, several alternative methods
regarding assembly, machining, and functionality were proposed. These methods will potentially
simplify the process if another accelerated aging chamber is created. Most of the improvements
were recommended by the shop team given their level of involvement with the project. The
improvements will be implemented as the shop personnel see fit in the case another chamber is
developed. The purpose of characterization, testing methodologies, and test setups are discussed.
The tests included the relative humidity control, the leak tightness pressure test, and
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temperature/RH uniformity test. The results for each of the four relative humidity control tests
are displayed in Chapter V.
Chapter VI presented and reviewed the results from the characterization tests. The
chamber successfully controlled the relative humidity levels throughout the test duration. The
system response evaluation displayed in Table 6.1 confirmed this claim. The four
characterization test are plotted along with the CFD results in Figure 6.1. The system remains
relatively steady after reaching the set point. To support this, the oscillation magnitude was
quantified in Table 6.2. When comparing the CFD response to the observed response, the CFD
model is slightly offset from the observed data. It is probable that the discrepancy between the
humidifier and the CFD settings is the reason for this offset. The CFD model constantly injects
90% RH mixture into the chamber, while the humidifier oscillates on and off to avoid
overshooting the set-point. Overall, the CFD models the observed data well and falls within the
error bars indicating a 95% confidence interval. The uniformity test concluded the maximum
percent difference between the three sensors for temperature and relative humidity was 0.93%
and 2.22%, respectively. The leak tightness test could not establish the required differential
pressure initially because the chamber possessed too many gross leaks. Once the humidifier was
removed from the loop and sealant tape was applied, the target differential pressure was
obtained. However, the chamber did not meet satisfy the criteria to be classified a “Class 4”
enclosure [17]. The overall design and fabrication was accomplished. The prototype chamber
serves as a great foundation for future improvements and models.
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7.2

Future Work
The goal of the research team at The Institute for Clean Energy Technology (ICET) is to

have an accelerated aging chamber with control of multiple conditions such as relative humidity,
temperature, ozone, and potentially others. The prototype humidity chamber is a great starting
point to build upon. Several recommendations and improvements are apparent with the current
prototype. The ability to decrease relative humidity inside the chamber should be the next action.
Plans have been discussed to accomplish this. The two methods discussed were potentially
incorporating a desiccant in the PVC loop or injecting compressed air into the chamber. The
relative humidity of the air from the compressor at ICET should be lower than any desired
testing humidity. Either method will require additional control from the PID controller, but this
will provide the ability for greater control in the case the relative humidity of the surrounding air
is greater than the set-point.
Steps should also be taken to improve the chamber’s leak tightness in the case dangerous
gases such as hydrogen fluoride plan to be injected. This may include a humidity injection
system that does not vent to the surrounding air, improved latching mechanisms on the doors,
and a better seal along the walls. The wing-handle latches currently used allow air to leak around
the latches themselves. The front door design may need to be reconstructed from thicker material
to prevent the doors from bowing under tension and allowing air to pass.
There are a few other possibilities to simplify and improve the design in the case another
chamber is fabricated. The research personnel conducting tests with the prototype chamber
should contemplate whether individual access to the filter media sheets is necessary. If the lot of
media is all loaded and unloaded at the same time, it may make sense to just have one removable
front wall with stationary tracks inside to slide the media drawers in and out of. This would
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reduce the occurrence of leaks around the doors. The accelerated aging chamber’s material
should also be considered. Clear polycarbonate satisfies the requirement stating research
personnel shall be able to visually inspect the loaded media sheets, and it is resistant to many
harmful gases. However, the melting point of the polycarbonate restricts extreme temperature
elevation. Polycarbonate has decent insulating properties, but may not be adequate at high very
high temperatures. Other materials that allow for welding may allow for easier assembly and less
pressure loss from leaks.
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APPENDIX A
DETAILED DRAWINGS OF CHAMBER COMPONENTS
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Figure A.1

Accelerated Aging Chamber Parts List
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Figure A.2

DWG 1: Back Wall
69

Figure A.3

DWG 2: Front Wall
70

Figure A.4

DWG 3: Side Walls
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Figure A.5

DWG 4: Top and Bottom Wall
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Figure A.6

DWG 5: Inner Frame
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Figure A.7

DWG 6: Inner Frame Part 2
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Figure A.8

DWG 7: Front Seal Wall
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Figure A.9

DWG 8: Front Seal Wall Door
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Figure A.10 DWG 9: Plenum Divider (before tapping)
77

Figure A.11 DWG 10: Female Slider
78

Figure A.12 Drawing of Plenum Section with Perforations
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Figure A.13 Drawer Parts List
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Figure A.14 Drawer Drawing 1
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Figure A.15 Drawer Drawing 2
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Figure A.16 Drawer Drawing 3
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Figure A.17 Drawer Drawing 4
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Figure A.18 Drawer Drawing 5
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APPENDIX B
COMPONENT SPECIFICATION SHEETS
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Figure B.1

Spec Sheet for Vaisala HMT333 [18]
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Figure B.1 (continued)
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Figure B.2

Spec Sheet for HOBO 4 Channel Logger (UX120-006M) [19]
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Figure B.2 (continued)
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Figure B.3

Spec Sheet for San Ace 40 9GA0424P3J001 [20]
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Figure B.4

Spec Sheet for ETS Humidifier Model 5482 [21]
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Figure B.5

Spec Sheet for SOLO Temp Controller SL9696 Series [22]
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APPENDIX C
CALCULATIONS

94

Figure C.1

CFM and Velocity Calculations (MathCad)
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Figure C.1 (continued)
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Figure C.2

Plenum Perforation Size and Outlet Velocity (MathCad)

97

Figure C.3

Pressure Loss Calculations
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Figure C.4

Relative Humidity to Mass Fraction Calculation
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